Abstract Loss-of-function mutations in PALB2 are associated with an increased risk of breast cancer, with recent data showing that female breast cancer risks for PALB2 mutation carriers are comparable in magnitude to those for BRCA2 mutation carriers. This study applied targeted massively parallel sequencing to characterize the mutation spectrum of PALB2 in probands attending breast cancer genetics clinics in the USA. The coding regions and proximal intron-exon junctions of PALB2 were screened in probands not known to carry a mutation in BRCA1 or BCRA2 from 1,250 families enrolled through familial cancer clinics by the Breast Cancer Family Registry. Mutation screening was performed using Hi-Plex, an amplicon-based targeted massively parallel sequencing platform. Screening of PALB2 was successful in 1,240/1,250 probands and identified nine women with protein-truncating mutations (three nonsense mutations and five frameshift mutations). Four of the 33 missense variants were predicted to be deleterious to protein function by in silico analysis using two different programs. Analysis of tumors from carriers of truncating mutations revealed that the majority were high histological grade, invasive ductal carcinomas. Young onset was apparent in most families, with 19 breast cancers under 50 years of age, including eight under the age of 40 years. Our data demonstrate the utility of Hi-Plex in the context of high-throughput testing for rare genetic mutations and provide additional timely information about the nature and prevalence of PALB2 mutations, to enhance risk assessment and risk
Introduction
Partner and localiser of BRCA2 (PALB2) encodes a protein whose interaction with BRCA1 and BRCA2 is critical for homologous recombination repair of double-stranded DNA breaks and for checkpoint control functions. Although PALB2 mutations were initially suggested to be associated with moderate breast cancer risk (2 to 3-fold) [1] , accumulation of more data recently has supported to higher risk estimates. In the largest study to date, involving 154 PALB2 mutation-carrying families, Antoniou et al. reported that breast cancer risks for PALB2 mutation carriers are comparable to those of pathogenic BRCA2 mutation carriers, with a risk higher among those younger than 40 years of age (8 to 9-fold) and slight decrements in risk with age (approximately fivefold in those older than 60 years) [2] . Heterozygous lossof-function germline mutations in this gene account for *2.4 % of the familial aggregation of breast cancer [3] [4] [5] . Germline mutations in PALB2 have also been identified in individuals with pancreatic and ovarian cancers, both with and without family history of breast cancer [5] [6] [7] [8] [9] .
In this study, we used massively parallel sequencing to screen the PALB2 gene for germline mutations in 1,250 probands of families recruited from genetic clinics into the Breast Cancer Family Registry (BCFR). We applied HiPlex, a platform for library preparation that has previously been demonstrated to facilitate accurate, cost-effective, and rapid high-throughput mutation screening [10] .
Methods

Subjects
Participants were probands (defined as the first enrolled family member, who may or may not have had a personal history of breast cancer) from families seen in clinical settings and recruited by the New York (n = 825) [11] [12] [13] [14] [15] , Utah (n = 67) and Philadelphia (n = 358) sites of the BCFR [16] . All subjects had been tested previously and found negative for mutations in BRCA1 and BRCA2 [17] . Study recruitment was approved by the Institutional Review Board (IRB) of the University of Melbourne and the local IRBs of the BCFR centers involved in this study. Written informed consent was obtained from each participant for general research using their data and biospecimens. This study was approved by the University of Melbourne Human Research Ethics Committee.
Where relevant and available, pathology data such as estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor-2 (HER2) status of the PALB2 mutation-associated tumors were obtained from the relevant BCFR.
Mutation screening
We conducted mutation screening of the coding exons and proximal splice junction regions of PALB2 (LRG_308; NM_024675.3) by targeted massively parallel sequencing using Hi-Plex, an amplicon-based approach for library building [18] [Nguyen-Dumont et al., accepted]. Hi-Plex gene-specific primers were designed to target the protein coding and flanking intronic and untranslated regions of PALB2 as described in Nguyen-Dumont et al. [10] . All oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA, USA). We applied the improved Hi-Plex protocol reported in [Nguyen-Dumont et al. accepted] to 25 ng genomic DNA obtained from the BCFR sites involved in this study. Sequencing on the MiSeq (Illumina, San Diego, CA, USA) and mapping were performed as described in [10] . For a given DNA sample, successful sequencing was defined as C95 % of all amplicons covered by a minimum of ten read pairs (depth = 20X). For the minority of DNA samples falling below this threshold, fresh libraries were prepared and another sequencing run was performed. Sequencing data from the initial and the repeat run were merged, and sequencing statistics were assessed again. Variant calling was performed using ROVER [19] with the settings previously published [10] . Details of sequencing statistics calculations reported in this paper (on-target and coverage) are also described in Nguyen-Dumont et al. [10] . Variant confirmation was performed by Sanger Sequencing using the primers and conditions described in [3] .
In silico analysis
Variant annotation was performed using Annovar [20] . The probability that missense substitutions observed during our mutation screening of PALB2 were deleterious to protein function was assessed with Align-GVGD [21] using the curated alignment reported by Tischkowitz et al. [22] , and with PolyPhen2 [23] using its precompiled alignments. Align-GVGD scores provide a seven-tiered classifier: C0, C15, C25, C35, C45, C55, and C65 where C0 refers to the category of variants least likely to be deleterious and C65 describes the category of variants most likely to be deleterious to protein function. Genetic variants assessed with PolyPhen2 are categorized as probably damaging (score C0.957), possibly damaging (score C0.453), or benign (score B0.452) [24] .
Results and discussion
Sequencing data
Of the 1,250 BCFR specimens, 5.9 % (74 specimens: 69 from the New York BCFR, two from the Utah BCFR, and three from the Philadelphia BCFR) failed sequencing in the first instance and were repeated as described in ''Methods'' section. Following repeated sequencing, ten (nine from the New York BCFR and one from the Utah BCFR) were excluded from further analysis because they did not reach our criteria for successful sequencing. Thus, sequencing success rate with Hi-Plex was 99.2 %. Across the 1,240 successfully sequenced specimens, the median depth of coverage was 1110X, with 98.8 and 99.2 % of all amplicons represented within 20-and 25-fold of the median coverage, respectively. The median on-target rate was 98.2 %.
Results from the mutation screening PALB2 mutation screening identified 55 different genetic variants in total. We observed three nonsense mutations- Table 1 ). All these variants were identified in one proband each, except for c.3426dupA, which was observed in two probands in the New York BCFR.
Of the 33 missense variants identified in the mutation screening, ten were predicted to be possibly or probably damaging by an in silico analysis using PolyPhen2: c.53A[G, p.(K18R) (11 carriers Of those, four were also predicted to be deleterious to protein function using Align-GVGD: c.2816T[G, c.3061G[Q, c.3278T[C, and c.3356T[C, with Align-GVGD scores of C55, C65, C25, and C65, respectively ( Table 2 ). The remaining variants were graded as C0 by Align-GVGD.
PALB:c.3278T[C and PALB2:c.3356T[C are not reported in the exome variant server (EVS) [25] . PALB2:c.2816T[G and PALB2:c.3061G[A are both present in the EVS at a minor allele frequency in the European ancestry American population of 0.24 and 0.02 %, respectively. PALB2:c.3061G[A has not been previously reported in the literature. PALB2:c.2816T[G has been previously identified in studies assessing the role of PALB2 in multiplecase breast cancer families but not reported to be associated with risk of disease [1, 26] . Overall, there has not been strong evidence so far that rare missense variants in PALB2 are associated with an increased risk of breast cancer [22, 27] . However, the first functional characterization study of missense variants in PALB2, focusing on variants occurring in the protein domain involved in PALB2/BRCA2 interactions, has recently showed that L939 W mutant proteins display a decreased capacity for DNA double-strand break-induced homologous recombination and an increased cellular sensitivity to ionizing radiation [28] . These results suggest that functional characterization of other missense variants of PALB2 could contribute to inform the pathogenicity conferred by such variants. The remaining variants were synonymous variants. No variant affecting consensus splice sites has been detected. Of the 18 PALB2 truncating variants or missense variants predicted to be deleterious to protein function by either in silico programs, ten are present in the PALB2 LOVD database [29] or have been previously reported elsewhere, and eight have not been reported previously (Tables 1, 2) .
We sought confirmation of the truncating and predicted damaging missense variants by Sanger sequencing of the 37 mutation-carrying probands. We found that sequencing of Hi-Plex libraries yielded 100 % specificity, confirming the high accuracy achievable with this high-throughput, cost-and time-efficient approach for targeted massively parallel sequencing [10] .
Pathology reviews and family information
The details of available pathology information and family history of the probands identified to carry nonsense or frameshift mutations in PALB2 are shown in Table 3 and in the pedigrees of Fig. 1 .
In total, there were 11 breast cancers recorded in the three families with the nonsense mutations PALB2:c.1984A[T, PALB2:c.2108T[G, and PALB2:c.3113G[A. Additional cancers in the kindred with PALB2:-c.1984A[T were colon cancer (proband, dx 55 years), prostate cancer (brother, dx 64 years), and pancreatic cancer (mother, dx 69 years) (Fig. 1a) . Stomach cancer (maternal grandmother, dx 50 years) was seen in the family carrying PALB2:c.2108T[G (Fig. 1b) . The family harboring PALB2:c.3113G[A had five affected women, with high-risk features including histological grade three, invasive ductal carcinoma bilateral disease, and young onset of cancer (Fig. 1c) .
In the six families with frameshift mutations, 22 breast cancers were recorded.
PALB2:c.172_175del was observed in one proband who was cancer free at last contact, in the context of a cancer dense family with bilateral breast cancer and reported breast cancer aged 32 years. Other cancers included melanoma (dx 47 years), lymphoma (dx 28 years), and colon cancer (dx 70 years) (Fig. 1d) .
PALB2:c.1546delA was identified in a proband affected by breast cancer (dx 41 years) and melanoma (dx 33 years), with paternal relatives with colon cancer (grandmother, dx 67 years) and melanoma (uncle, dx 66 years; first cousin, dx 40 years). On the maternal side, cancers included cervical cancer (maternal grandmother, dx 48 years), ovarian cancer (aunt, dx 73 years), and cancer of the mouth (grandfather, dx 64 years) (Fig. 1e) .
PALB2:c.2120delC was observed in a woman diagnosed at the age of 62 years with histological grade three, ER?/PR?, invasive ductal carcinoma. HER2 status was not tested (Table 3) . No other cancers were known in this limited pedigree (Fig. 1f) .
PALB2:c.2325dupA was observed in one proband (dx 39) who had breast cancer, with four maternal and one paternal family members with breast cancer, as well as multiple unspecified reported cancers, five on her maternal side and six on her paternal side, including her father (Fig. 1g) .
PALB2:c.3426dupA was observed in two probands. One carrier had bilateral breast cancers (left breast, dx 42 years; right breast, dx 69 years). The second breast cancer was an invasive ductal carcinoma (grade three), ER?/PR? /HER2? (immunochemistry) ( Fig. 1h; Table 3 ). The second carrier had breast cancer diagnosed at the age of 49 years. Breast cancers were reported in six family members, comprising young onset and bilateral disease. Prostate cancer, lung cancer, and a hematologic cancer were also reported (Fig. 1i) .
Although information on ER/PR/HER2 status was available for a limited numbers of tumors in the present study (Table 3) , our findings are consistent with those from Teo et al. and Antoniou et al. who have found that the majority of the breast tumors arising in PALB2 loss-offunction mutation carriers were positive for ER and PR expression (11/19-58 % and 95/129-74 %, respectively) [2, 30] . A study investigating the Finnish founder mutation PALB2:c.1592delT reported that carriers with a family history of breast cancer were more likely to be diagnosed with triple-negative breast cancer [31] . The phenotype of PALB2 mutation-associated breast cancers is thus potentially variable and could be influenced by mutation type.
Conclusions
We screened probands of multiple-case breast cancer families enrolled in the BCFR for genetic variants in the breast cancer susceptibility gene PALB2 and identified truncating mutations in 9/1,240 individuals (0.73 %), a frequency consistent with similar reports of PALB2 mutation frequency in multiple-case breast cancer families [1, 26, 27] . Ten missense variants were predicted to be damaging to protein function by PolyPhen2, four of which were also predicted to be damaging by Align-GVGD. Eight of the 18 truncating or possibly pathogenic variants identified in this study were not reported in the PALB2 LOVD database.
When available, examination of breast tumor pathology from subjects carrying a truncating mutation showed that the tumors were histological high grade, invasive ductal carcinomas and, in majority, positive for ER and PR expression. Bilateral breast cancer was reported in two of the probands and three of the family members. Young onset was apparent in most families, with 19 cancers under the age 50 years of age, including eight under the age of 40 years.
Our data demonstrate the utility of Hi-Plex to test for rare genetic mutations in the context of breast cancer predisposition in an efficient, accurate, cost-effective, and rapid manner, as previously reported [10] . This work also provides additional timely information about the nature and prevalence of PALB2 mutations in high-risk women attending clinical genetic services, as PALB2 is becoming commonly included in panel testing for breast cancer susceptibility.
Large-scale studies are now required to further elucidate mutation prevalence, family history, tumor morphology, and to refine breast cancer risk estimates (penetrance) associated with mutations in PALB2. With testing of PALB2 ready to enter clinical practice, additional families with mutations will be identified and contribute to a better understanding of the breast cancer risk conferred by PALB2 mutations.
